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Hollow microtubular structures with pyrite grains at their termini have been found in 
phosphatocopines (Hesslandona toreborgensis and Hesslandona cf. angustata) from the late 
Cambrian of northern Poland, and in the metacopine ostracod Cytherellina submagna from 
the Early Devonian of Podolia, Ukraine.  
The Cambrian phosphatocopines are secondarily phosphatised and microtubes (5–20 
µm in diameter) are preserved inside the phosphatized bivalved shield, visible on the shield 
surface as half-open microstructures with pyrite grains at their terminal end. They are visible 
only where an external coating layer has peeled off. In the Devonian ostracod C. submagna, 
microtubes (c. 1–8 µm in diameter) occur within the phosphatized internal mould/steinkern 
and are visible on the surface of the mould due to the dissolution of the calcite carapace 
during extraction of the limestone samples.  
These microtubular structures are here interpreted as ambient inclusion trails (AITs) 
due to the presence of terminal pyrite crystals of equivalent diameter to the microtube, 
polygonal microtube cross-sections, plus longitudinal striations on the microtube walls that 
record the movement of the migrating angular pyrite crystal. AITs are thought to form when 
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mineral crystals, typically pyrite, are impelled to migrate through a fine-grained mineral 
matrix under increased fluid/gas pressure. 
Our new materials provide the first record of exceptionally preserved AITs occurring 
in crustaceans and only the third reported occurrence of AITs in the Palaeozoic. The intimate 
occurrence of AITs with phosphatized crustacean body fossils supports the hypothesis that 
AITs are likely driven by increases in gas pressure due the decomposition of soft tissue. In the 
case of Cytherellina submagna, our calculations suggest that as little as 20 µg of organic 
matter decaying within a volume of 0.06mm3, encased by an impermeable outer carapace, 
may have been sufficient to produce a large number (>100) of AITs. 
 
 
Keywords: Ambient inclusion trails, Phosphatocopina, Ostracoda, Cambrian, Devonian 
 
1. Introduction 
Ambient inclusion trails (AITs) are microtubular structures that form during the migration of 
mineral crystals, often pyrite, through a lithified fine-grained substrate such as chert or 
apatite. AITs have a geological record extending back to the ~3500 Ma Warrawoona Group of 
Western Australia (Awramik et al., 1983). Most AITs have been reported from the Archean 
and Proterozoic from various localities in Australia and North America (Tyler and Barghoorn, 
1963; Knoll and Barghoorn, 1974; Awramik et al., 1983; Grey, 1986; Buick, 1990; Xiao and 
Knoll, 1999; Brasier et al., 2006; Wacey et al., 2006; McLoughlin et al., 2007; Wacey et al., 
2008a, b). Their frequent association with organic matter has led to AITs being investigated 
as possible indicators of early life on Earth (see Wacey et al., 2008b for an overview). 
AIT structures have been studied up to now mostly in petrographic thin sections. 
Observations from thin sections show that most AITs are infilled by fine-grained minerals 
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such as silica (e.g., 1900 Ma old Precambrian Gunflint Chert of Ontario) or iron carbonates 
(e.g., ~2000 Ma old Biwabik Formation of Minnesota; Tyler and Barghoorn, 1963). 
Alternatively AITs may remain empty preserving longitudinal striations on their walls, left 
behind by the migrating angular pyrite crystal, which itself is frequently preserved at the 
termination of the trail (Xiao and Knoll, 1999). 
As currently documented, the fossil record of AITs is more or less continuous 
throughout the Archean and Proterozoic. The record of Palaeozoic AITs is very sparse, up to 
now they have been reported only from the Early Cambrian Soltanieh Formation of Iran and 
from the Middle Devonian of Northern Scotland, where they are preserved within phosphatic 
fish scales (McLoughlin et al., 2007; Wacey et al., 2008b). AITs remain unknown from rocks 
of Mesozoic and Cenozoic age. 
Below, we describe AITs preserved in specimens of phosphatocopine Hesslandona 
toreborgensis Maas, Waloszek and Müller, 2003 and Hesslandona cf. angustata Maas, 
Waloszek and Müller, 2003 from limestone nodules of the uppermost mid-Cambrian to early 
Furongian (c. 502-495 Ma) of the western part of the Baltic Depression, located at the western 
slope of the East European Craton. The specimens described come from deposits sampled 
from drill cores of deep wells Hel IG-1, Żarnowiec IG-1 and Dębki 2 located in northern 
Poland (Fig. 1). 
We also describe the phosphatized internal mould of the ostracod Cytherellina 
submagna (Krandijevsky, 1963) containing a high density of unusual exceptionally preserved 
AITs from ~416 Ma Lochkovian-earliest Pragian of the Ivanye Zolote outcrop in the Early 
Devonian of Podolia, Ukraine (Fig. 2). Such AITs preserved in crustacean carapaces from 
Cambrian of Poland and Devonian of Ukraine, are only the third reported finding of these 
structures in Palaeozoic rocks. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
4 
 
2. Material and methods 
More than 2000 phosphatocopine specimens have been recovered from the relatively small 
Cambrian drill core samples. However, from 300 specimens investigated in SEM, only three 
of them show AIT structures. More than 40 specimens are preserved with soft-parts. The 
material of phosphatocopines is preserved as isolated valves and closed or half-open shields 
(‘carapaces’).  
The record of AITs is also limited to a single specimen within the abundant Early 
Devonian ostracod fauna from Ukraine. The material of the metacopine ostracod Cytherellina 
submagna (Krandijevsky, 1963) is mostly comprised of isolated pyritized or phosphate-coated 
valves, plus numerous phosphatized internal moulds (steinkerns). Altogether more than 70 
phosphatized internal moulds of C. submagna were collected. Of these, one specimen 
preserves soft-parts in the posterior part of the carapace (Olempska et al., 2012) and one 
additional specimen preserves AIT structures on the surface of the phosphatic internal mould. 
The ostracods and phosphatocopines were extracted using 10% acetic acid. Specimens 
were photographed using a Philips XL 20 Scanning Electron Microscope (SEM) equipped 
with an energy spectrometer (EDAX-Dx4i, Genesis) in the Institute of Paleobiology, Polish 
Academy of Sciences, Warsaw. The material is housed in the Institute of Paleobiology, Polish 
Academy of Sciences, Warsaw (ZPAL Cr.11 for phosphatocopines; ZPAL O.60 for 
ostracods). 
 
3. Geological setting 
 
3.1. Cambrian 
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The Cambrian strata from the Polish Baltic region were encountered in deep boreholes drilled 
in the 1960-70s. The units of the uppermost middle Cambrian and Furongian in northern 
Poland are the Słowińska and Piaśnica formations (Bednarczyk and Turnau-Morawska, 
1975). This succession is stratigraphically condensed and predominantly consists of dark gray 
to black alum-type shales with interbeds and lenses (stinkstones or orsten) of dark gray to 
black limestones. The total thickness of Agnostus pisiformis-Acerocare zones ranges from c. 4 
m to 20 m (Bednarczyk and Turnau-Morawska, 1975; Lendzion, 1983a, b; Bednarczyk, 1979, 
1984).  
The biostratigraphy of the Polish Cambrian is based on trilobites and traditional 
biostratigraphy of Scandinavia (see Ahlberg, 2003; Nielsen et al., 2014). However, the 
samples available from cores are too small for the detailed correlation between Poland and 
more fossiliferous southernmost Swedish sequences exposed in quarries. However, some 
samples, e.g., from Dębki 2 borehole are extremely rich in trilobites, phosphatocopines and 
conodonts. 
In dark grey to black mudstones with limestone lenses of the Słowińska Formation (up 
to c.13 m thick), a rich fauna of trilobites and conodonts indicate the Agnostus pisiformis (late 
middle Cambrian) through Parabolbina spinulosa Zone of the early Furongian (~ 502-495 
Ma). The succeeding Piaśnica Formation (up to c.7 m thick) rest on the Słowińska Formation 
with an erosional hiatus (Fig. 1C). The conodont and trilobite fauna suggest an age of this 
formation corresponding to the Furongian Peltura and Acerocare zones (~490 Ma old; 
Bednarczyk and Turnau-Morawska, 1975; Lendzion, 1976a, 1983a, b; Lendzion and Gunia, 
1991; Bednarczyk, 1984; Geyer et al., 2008). The upper part of the middle Cambrian and 
Furongian deposits represent shelf muds deposited in anoxic conditions (e.g., Modliński and 
Podhalańska, 2010). 
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The specimens of phosphatocopine Hesslandona described in this paper come from 
the borehole cores drilled at Hel IG 1 and Żarnowiec IG 1.The deposits of middle Cambrian 
Agnostus pisiformis Zone and the Furongian are 4.8 m thick in the Hel IG 1 borehole, and 
were drilled at the depths 3047.4 to 3042.6 m. The sequence of A. pisiformis Zone (3047.4-
3046.8 m) consists of black mudstones with fragments of sandy limestones in its lower part 
and upwards of mudstones with intercalations of black limestones (Lendzion, 1986). The 
succeeding sequence of Olenus/Homagnostus obesus Zone (between depths 3046.8 and 
3046.0 m) consists of alum-type shales with scattered lenses of black limestones (Lendzion, 
1986). Specimens of Hesslandona toreborgensis from the black limestones of the Olenus/H. 
obesus Zone from the Hel IG 1 borehole show well-preserved AIT structures on the surface of 
valves. 
The deposits of the Agnostus pisiformis Zone and Furongian zones occur in the 
borehole Żarnowiec IG 1 at depths 2731.4 - 2721.8 m (Lendzion, 1976b). This interval begins 
with 0.6 m thick conglomerate composed of fine-grained sandstone interbedded with 
claystones. Upwards, beginning at the depth of 2730.8 m, the dark-gray mudstones and 
claystones with intercalations of fine-grained sandstone occur. At their top, at the depth of 
2727.7 m, there appear lenses of gray limestones with abundant specimens of Agnostus 
pisiformis (Lendzion, 1976b). AIT structures occur in specimens of Hesslandona cf. 
angustata from a limestone of A. pisiformis Zone of Żarnowiec IG 1 borehole. In the 
phosphatocopine specimen of ?Cyclotron sp. from the Olenus/H. obesus Zone of the Dębki 2 
borehole, the microstructure of the shield has been observed. 
 
3.2. Early Devonian 
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The specimen of Cytherellina submagna containing AITs described below comes from the 
uppermost part of the marine Lochkovian – earliest Pragian succession (~416 Ma) cropping 
out in the right escarpment of the River Dniester near the village of Ivanye Zolote, Podolia, 
Ukraine. The deposit represents the upper part of the Ivanye Formation of the Tyver Group 
(Małkowski et al., 2009; Voichyshyn, 2011; Drygant and Szaniawski, 2012) and is composed 
of shallow-marine argillites interbedded with argillaceous carbonates. Upwards these pass 
gradually into the Old Red Sandstone facies (Fig. 2C). The total thickness of the Formation is 
about 130 m. The sample of limestone was taken from a layer located about five meters below 
the Old Red Sandstone deposits. 
 
4. Mode of preservation  
 
4.1. Phosphatocopina 
 
The valves of fossilized phosphatocopines are phosphatic, however, relatively little is known 
about the original chemical composition of their exoskeleton when alive. This style of 
preservation has been interpreted as primary phosphate (e.g., Müller, 1964, 1982; Hinz-
Schallreuter and Schallreuter, 2009) or as a result of secondary diagenetic phosphatization 
(Kozur, 1974). Thin-sections normal to the surface of the shield (‘carapace’) of Hesslandona 
and Falites specimens from the Cambrian of Sweden show that the phosphatic coating layers 
are developed at both the outer and inner sides of valves, and probably also on both sides of 
the inner lamella (Müller, 1979). Between the coating layers there is a banded structure 
interpreted as representing the original outer lamella, composed of darker chitinous layers and 
lighter layers containing only a little organic matter (Müller, 1979, figs 7, 9). 
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The phosphatocopine specimen of ?Cyclotron sp. shows in transverse fracture section 
that the thin apatite layer, approximately 1.4 µm thick has developed at the external and 
internal surfaces of both valves. An empty space, approximately 2.75 µm in thickness, 
stretches between the coating layers (Fig. 3K-L). It seems likely that this space has been left 
by the etching of the poorly mineralized original cuticle of this specimen. The very thin 
coating layers are also developed at the inner and outer sides of the flexible inner lamella, and 
the empty space between these layers is less than 1 µm in thickness (Fig. 3L).  
As observed with a stereo microscope, in most investigated phosphatocopine 
specimens from Poland, the external coating layer is slightly transparent, light grey in color 
and could easily be peeled off (Fig. 3A, B, E, G; indicated by white arrow). In contrast, the 
layer immediately below and probably representing the secondarily phosphatized original 
shield, is black. It seems more likely that the thin external layer represents a phosphatic 
coating, rather than replacement of the original external layer of the cuticle (i.e., epicuticle). 
The phosphatic valves of many small Cambrian arthropods such as bradoriids are now 
interpreted as being unmineralized or poorly mineralized during life, and only phosphatized 
during early post-mortem diagenesis (Briggs et al., 1993, Wilby and Briggs, 1997; Vannier et 
al., 2005, Williams et al., 2007).  
Similarly, it is most likely that the phosphatocopine shields described here were 
originally unmineralized or weakly mineralized; after death they were secondarily 
phosphatized by calcium phosphate. This seems especially likely for the specimens 
representing earlier growth stages, as is the case for most phosphatocopine specimens from 
Poland (Fig. 3A-J) and Sweden (Maas et al., 2003). In examples where this layer was not 
phosphatized, it could be dissolved by the etching process (Fig. 3K-L). 
 
4.2. Ostracoda 
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The cuticle of the carapace in ostracods is mineralized with low magnesium calcium 
carbonate in the form of calcite (e.g., Kesling, 1951; Keyser and Walter, 2004). However, in 
the studied material of Cytherellina submagna, the original calcite shell material is not 
preserved, as it was dissolved during the dissolution of the limestone samples. As a result, 
only phosphatic internal moulds are preserved. The internal morphological features of the 
ostracod valves, e.g., well-preserved negative replicas of the muscle scars, pore exits and 
marginal structures are preserved on the external surface of the moulds. The phosphatic layer 
of the mould is relatively thin, ranging in thickness from 3–8 µm among 70 specimens. The 
phosphate layer is composed of very fine apatite crystals. Under an optical microscope this 
layer appears yellow-brown in color. The external surface of this mould shows fine details of 
AITs in specimen ZPAL O.60/65 (Figs 4-6). 
 
5. Morphology of AITs  
 
AITs are preserved three-dimensionally as half-open microtubes within phosphatized shields 
in phosphatocopines (Fig. 3) and within the phosphate layer of an internal mould of a single 
ostracod specimen (Figs 4-6). It is postulated that the half-open morphology of microtubes is 
due to the fact that they were formed at the boundary of two different layers. In the ostracod 
specimen they originate within the phosphatic inner layer at the boundary with the ostracod 
shell. In phosphatocopines, AITs originate within the phosphatized shield at the boundary 
with the external apatite coating layer. The ostracod shell and external coating layer in 
phosphatocopines appear to have been the ‘roofs’ of the microtubes (i.e. a zone through which 
AITs could not penetrate). After dissolving the ostracod shell and/or peeling off the 
phosphatocopine external coating layer, the microtubes became visible. The presence of a 
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single pyrite crystal at the termination of each trail is the most characteristic feature of AITs. 
In the investigated specimens, the pyrite is represented mainly by euhedral crystals (e.g., Fig. 
4E), while framboids rarely occur (e.g., Fig. 5I). The trails have random orientations. Inside, 
the microtubes are largely empty, however, in some of them there are small mineral particles. 
The diameter of each microtube is almost constant along its entire length, consistent with it 
being controlled by the size of the propelled pyrite crystal. The walls of microtubes are often 
covered by longitudinal striations, created by facets of the propelled pyrite crystals, consistent 
with other reported occurrences of AITs (see Wacey et al., 2008b). 
 
5.1. Phosphatocopina 
 
The majority of the AITs in Hesslandona toreborgensis and Hesslandona cf. angustata are 
gently curved or sinuous in shape (Fig. 3). They range in diameter from 5 to c. 20 µm and are 
up to 90 µm long. Euhedral pyrite crystals occur at the terminations of almost all microtubes, 
although some pyrite crystal edges appear to be eroded (Fig. 3G). The fine longitudinal wall 
striations are preserved in approximately three of the microtubes (Fig. 3G). Small grains of 
phosphatic material are preserved on the surface of some pyrite crystals (Fig. 3C-D). In some 
specimens the route of the AIT is marked by a row of perforations, however, towards the 
termination the trail becomes a half-open microtube (Fig. 3H-I). 
 
5.2. Ostracoda 
 
Microtubular structures are oriented parallel to the surfaces of the phosphatic layer (Figs 4-5). 
This orientation and the maximum diameter of the microtubes appears to have been controlled 
by the thickness of the phosphatic layer. The pyrite crystals located at the termination of the 
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microtubes are mostly euhedral (hexahedrons and/or octahedrons and dodecahedrons), though 
frequently have rounded off edges (Fig. 4). The preservation of pyrite crystals at the 
terminations of almost all trails suggests that trails were restricted to the apatite layer. It is 
likely that the thick calcite shell of the ostracod was physically and/or chemically too resistant 
to be perforated by the pyrite crystals. 
Most of the AITs are gently curved or almost straight, irregularly distributed and 
randomly oriented on the surface of the phosphatic internal mould of the ostracod carapace. 
Microtubes located within close proximity of each other are often oriented in either the same 
or in directly opposite directions (Fig. 5). They do not vary systematically in density across 
different parts of the valve surface (Fig. 4A). 
AITs described herein range in diameter from less than 1 µm up to 7.7 µm (Figs 4-5) 
and are here split into two size classes. Microtubes with diameters of 4.4–5.6 µm and up to 35 
µm in length dominate the mould surface (Fig. 4). The thickness of this dominant size class of 
microtubes is approximately equal to the thickness of the phosphate layer. The majority of 
them are almost straight or gently curved, but some have sharp turns (Fig. 4I). They have 
polygonal or rectangular cross sections, and their side walls are rather smooth compared to the 
Phosphatocopina examples. 
The ventral surface of many microtubes is perforated into the ostracod domicilium 
(space occupied by the soft body and limbs) via several types of openings. A single 
perforation is situated at the originating end of the microtubes and is often somewhat 
polygonal or rectangular in shape (Figs 4-5). This perforation mimics the morphology of the 
terminal pyrite crystal and suggests it was the pyrite crystal’s original location. Sometimes 
these perforations are slightly rounded in shape. In many cases the walls at the originating 
ends of tubes are also replicas of the pyrite shape. This perforation suggests that pyrite 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
12 
 
crystals were initially formed at the internal surface of the phosphatic layer close to the 
decaying soft tissue of the animal that would have been housed in the domicilium. 
Additional irregular, circular or elliptical perforations into the ostracod domicilium are 
developed along the ventral surface of many microtubes. Often, the ventral surface of a 
microtube is only fragmentarily preserved with ragged margins (Fig. 4H). These perforations 
occur in microtubes of larger size, with diameters comparable to the thickness of the 
phosphatic layer. In AIT where the diameter of the microtubes is rather smaller than the 
thickness of the phosphate layer, we observe that the pyrite crystal initially started to move 
perpendicularly to the phosphate layer, and then it changed its direction to move parallel with 
the ostracod shell (Figs 4K, 6). 
The angular shape of microtube originating ends observed in Cytherellina submagna 
are similar to those illustrated by Wacey et al. (2008b, fig. 1b) from the Kangaroo Caves 
Formation and to those illustrated by Knoll and Barghoorn (1974, fig. 1A) from the Gunflint 
Formation. 
AITs of the smaller size class are 1–1.2 µm wide and usually short. They often occur 
arranged in radiating or irregular dense clusters, however, single small AIT also occur (Fig. 
5). Perforations of the ventral microtube wall, similar to that described above, can also occur 
at the originating ends of these small tubes. Additional perforations aligned along the ventral 
tube wall have not been observed, likely due to the narrowness of these microtubes, so they 
did not reach the lower surface of the phosphate coating layer. The pyrite crystals preserved in 
terminations of these microtubes are mostly octahedrons. In dense clusters, many of the pyrite 
grains are slightly displaced being preserved close to, in addition to within, the microtubes 
(e.g., Fig. 5D). The clusters of AITs are distributed irregularly on the surface of the ostracod 
mould. These AITs are somewhat similar to those with a ‘starburst’ distribution pattern 
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described by Knoll and Barghoorn (1974, fig. 2) from the Gunflint Formation, Ontario, but 
differ in the occurrence of randomly oriented trails. 
Microtubes with a diameter ranging from 4 to 7.7 µm, a maximum 10 µm length and 
terminated with framboidal rather than euhedral pyrite, occur only rarely. In some of them, 
longitudinal striations along the walls are well preserved (Fig. 5I).  
 
6. Discussion 
 
6.1. Association of AITs with phosphatization 
 
The geological record of AITs preserved in apatite (calcium phosphate) dates back to the late 
Neoproterozoic Doushantuo Formation (550-580 Ma) of South China (Xiao and Knoll, 1999, 
fig. 8h-k). These occur on the surface of phosphatized globular microfossils and in 
surrounding phosphorites taking the form of half-open microtubes with continuous 
longitudinal striae on their walls. Furthermore, all AITs currently known from Palaeozoic 
rocks occur in phosphate or phosphatized fossils (see Wacey et al., 2008b). 
Cambrian Orsten-type phosphatization associated with fossilized soft tissues is 
geographically widespread (see Müller and Walossek, 1985; Waloszek, 2003; Maas et al., 
2003, 2006; Dong et al., 2005; Shen et al., 2013 for reviews). This type of phosphatization is 
usually restricted to fossils less than 2 mm in size. Therefore, most of the arthropods 
preserved in this way are likely representatives of larval ontogenetic stages. These small 
arthropods are preserved by early diagenetic encrustation/impregnation of the external layers 
of their weakly mineralized cuticle (Müller and Walossek, 1985). A protected anaerobic 
microenvironment is favourable for rapid phosphatization (Briggs et al., 1993; Briggs and 
Kear, 1993a, b; Briggs and Kear, 1994a, b; Briggs and Wilby, 1996; Briggs, 2003). The exact 
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source of phosphorus in Orsten-type phosphatization remains unknown, however, decaying 
remains of animals, fecal pellets or precipitation of P from the water column have all been 
suggested (Briggs and Kear, 1994a, b; Maeda et al., 2011; Crevelling et al., 2014).  
In contrast to the Cambrian, phosphatization is not a very common phenomenon 
during the Devonian (e.g., Trinajstic et al., 2007). However, the phosphatization of small 
microfossils with three-dimensional preservation of soft-tissue has previously been reported 
from the Lochkovian of Podolia (e.g., in the ostracod Cytherellina submagna (Olempska et 
al., 2012), and in boring ctenostome bryozoans (Olempska, 2012)).  
It is not unexpected that pyrite crystals are associated with phosphatized material, 
since both may be bacterially induced in similar anaerobic microenvironments (e.g., Briggs et 
al., 1993). Pyrite nuclei can be produced within decaying soft tissues as a result of the reaction 
between dissolved iron, and sulphide produced from the metabolic activity of sulfate-reducing 
bacteria (SRB; see Briggs 2003 and references therein). Phosphatization is also favoured by 
low pH due to build up of CO2 in enclosed spaces (Briggs and Kear, 1993b; Briggs et al., 
1993); this same build up of CO2 may have helped propel the newly formed pyrite crystals, 
forming the AIT. 
In our phosphatocopine and ostracod specimens, most AITs contain euhedral pyrite 
crystals, with only rare examples of framboidal pyrite. In general, the morphology of the 
pyrite is thought to reflect the rate of supply of H2S and hence the decay rate of the organic 
material being consumed by SRB (Brett and Baird, 1986; Butler and Rickard, 2000; Gabbott 
et al., 2004). Euhedral pyrite morphology indicates rather slow supply of H2S from 
recalcitrant organic material (hence slow growth on fewer nucleation sites), whereas 
framboidal pyrite indicates more rapid supply of H2S from more labile organic material 
(hence rapid growth on plentiful nucleation sites) (Gabbott et al., 2004). 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
15 
 
The morphology of AITs in both the phosphatocopine shields and ostracod carapace 
are very similar. However, the phosphatization pathway is rather different in these two 
organisms. In the ostracod C. submagna, AITs occur inside the internal apatite coating, which 
had originally been covered by thick calcite carapace. In contrast, the phosphatization 
pathway in extinct phosphatocopines is more complicated and still not fully understood 
because the original composition of their shield remains unknown. Nonetheless, early and 
rapid mineralization of phosphatocopines is obvious from the exceptional preservation of their 
shields and soft tissues (Maas et al., 2003, 2006). It seems likely, that in phosphatocopines, 
AITs were formed inside the phosphatized shield.  
 
6.2. Potential AIT formation mechanisms  
 
AITs have previously been interpreted in terms of pyrite (or other crystal) being propelled by 
high gas/fluid pressure resulting from decay of organic matter (Knoll and Barghoorn, 1974; 
Xiao and Knoll, 1999). Gases produced from the decay of organic material are richer in 
methane, carbon dioxide and hydrogen sulfide than the atmosphere. Such a build up of gases 
creates upward-rising pressure within a decaying body (e.g., Dornbos et al., 2007). As the 
volume of these gases, probably combined with increasing temperatures, within the decaying 
body increases, fluids and gases search for a way to escape from orifices. If there are no 
natural orifices, it seems likely that high pressure may set the pyrite crystals in motion (Fig. 
6). 
In phosphatocopines, decaying gases often accumulate between the shield and the 
flexible inner lamella (Fig. 3J). Indeed, specimens with a strongly swollen inner lamellae are 
often preserved in the fossil record (e.g., Müller, 1979, fig. 15; Maas et al., 2003, pl.13:D). 
The exact timing of AIT formation remains difficult to deduce. The preservation of striations 
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on most microtube walls, plus the perforations on ventral walls suggest that apatite was not in 
the form of a gel. However, it seems likely that the creation of AITs must at least slightly 
predate the final lithification of the apatite layer. The sharp turns in many AITs are also 
intriguing and we suggest that these may be caused by some sort of ‘ballistic ricochet’ at the 
moment when the pyrite collided with the uppermost more resistant external coating layer. 
In Cythrellina submagna, the perforations of ventral walls of microtubes at their 
originating ends have been left by pyrite crystals when they started to move (Fig. 6). There 
may then have been some re-precipitation of dissolved calcium and phosphate ions around the 
edges of the microtubes, e.g., in the narrow pale area surrounding the microtubes on the 
surface of the phosphate coating (e.g., Figs 4F, 5A). EDAX analysis of this area confirms that 
it is comprised of calcium phosphate. It also seems possible that an efflux of dissolved 
calcium phosphate through the perforations to the ostracod domicilium may also occur. Re-
precipitation of minerals in and around AIT appears to be a common occurrence, as for 
example reported by Knoll and Barghoorn (1974), in AITs developed in the 1878 Ma Gunflint 
chert, where dissolving silica was re-precipitated in trails, behind the moving pyrite grain. 
In contrast to the other known AIT occurrences, the internal mould of Cytherellina 
submagna described herein, allows the possibility to estimate the approximate volume of its 
domicilial cavity and approximate weight of the soft body. The domicilial volume of C. 
submagna has been calculated using the formula for calculating the volume of the 
geometrically similar ellipsoid. The approximate calculated volume is 0.057mm3, based on 
carapace length (1.14 mm), height (0.4 mm) and width (0.24 mm), measured using the 
dimensions of the phosphate coating.  
The weight of the soft parts of C. submagna was calculated by comparing them with 
adult specimens of podocopan Cyprideis torosa (Jones), that have a similar size of carapace, 
measured by Herman and Heip (1982). The mean dry weight of soft parts for females of 
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Cyprideis torosa was determined as 19.81 µg, and 19.88 µg for males (Herman and Heip, 
1982).  
This suggests that a source of organic matter with an approximate dry weight of 20 µg, 
inside a closed space of an approximate volume of 0.06 mm3, could produce sufficient gas 
pressure (and temperature increase?) to dissolve calcium phosphate and produce over 70 
single AITs, plus several dense clusters of AITs, on the mould surface of the investigated 
single (right) ostracod valve. It seems likely that the number of AITs developed on the left 
valve would have been similar. However, we acknowledge that this is a very simplified 
calculation and requires further testing in the laboratory. 
It is difficult to compare our Polish and Ukrainian material directly with those from 
other phosphatized fossils such as those from the ~570 Ma Doushantuo Formation (fig. 8 of 
Xiao and Knoll, 1999) and the ~390 Ma Achanarras Limestone (fig. 14 of Wacey et al., 
2008b). The AITs from the Doushantuo Formation are preserved on both external surfaces 
and internally within globular embryo-like structures (Xiao and Knoll, 1999), while the 
Achanarras examples are preserved within fish scales. One thing that all examples likely had 
in common was the presence of a more resistant external coating (e.g., fig. 5.1-5.4 of Xiao 
and Knoll, 2000), or encasement by a less permeable mineral, allowing gas pressure to build 
to a sufficient state to enable pyrite crystal propulsion. 
 
6.3. Interpretation of microtubular traces in the fossil record 
 
Several microtubular structures discovered within Cambrian bradoriids, phosphatocopines and 
brachiopod valves have been interpreted as animal trace fossils (i.e., burrows; Hinz-
Schallreuter, 1998; Stockfors and Peel, 2005; Zhang and Pratt, 2008), however, these may all 
be more parsimoniously interpreted as AITs.  
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Hinz-Schallreuter (1998) described hollow-tunnels on the surface of phosphatocopine 
Vestrogothia longispinosa and Hesslandona abdominalis from the Cambrian of Gotland, and 
interpreted them to have been produced by thallophytes. Stockfors and Peel (2005, fig. 2a-c, 
fig. 3h; fig. 4a) illustrated long striated tubules in phosphatic brachiopods from the late 
Middle Cambrian Holm Dal Formation of North Greenland, which they considered to be 
euendolithic borings produced by Cyanobacteria. These structures are almost identical to 
AITs described here, however, terminal pyrite crystals are not visible, probably due to their 
incomplete preservation. 
Further structures similar to AITs preserved in bradoriid and phosphatocopine 
carapaces from the Early Cambrian Yu’anshan and Shuijingtuo formations of South China 
have been described by Zhang and Pratt (2008) as borings made by a heterotrophic organism 
and assigned to the ichnotaxon Microptychoites fuquaensis Dong (cf. Dong et al., 1984). 
However, the walls of these tunnels bear distinct longitudinal striations characteristic of AITs. 
Terminal pyrite crystals are rarely preserved in these structures, instead circular objects that 
terminate the ends of the microtubes are composed of calcium carbonate. 
Microtubes described by Conway Morris and Bengston (1994, fig. 6:9-6.13) as 
predatory borings in phosphatized inarticulate brachiopod Linnarssonia sp. B from the Middle 
Cambrian of Sweden also have longitudinal striations on their walls and have been 
reinterpreted by Xiao and Knoll (1999) as non-biological in origin (AIT structures). 
 
7. Conclusions 
Ambient inclusion trails (AITs), comprising hollow microtubular structures with pyrite grains 
at their terminal ends, have been discovered for the first time in Palaeozoic crustaceans from 
Poland and Ukraine. 
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These AITs occur in the phosphatized shields of Cambrian phosphatocopines from 
Poland (Hesslandona toreborgensis Maas, Waloszek and Müller, 2003 and Hesslandona cf. 
angustata Maas, Waloszek and Müller, 2003) and the phosphatic internal moulds of the 
Devonian ostracod Cytherellina submagna (Krandijevsky, 1963) from western Ukraine. 
The occurrence of AITs in crustaceans, adjacent to their domicilial cavities where 
organic material would have decayed during diagenesis, supports the hypothesis that a 
biological component (e.g., decaying organic matter) is key to AIT formation. This builds on 
prior evidence from AITs in fish scales and fossil embryos suggesting organic decay produces 
sufficient fluid/gas pressure to propel small pyrite grains through a phosphate matrix. Our 
calculations suggest that as little as 20 µg of organic matter decaying within a volume of 
0.06mm3, encased by an impermeable outer carapace, may have been sufficient to produce in 
excess of 100 AITs. 
AITs are mostly a Precambrian phenomenon with only rare occurrences reported from 
Palaeozoic rocks. This is probably due to the fact that environments favouring AIT formation 
were more prevalent during significant portions of the Precambrian. Environmental drivers 
favouring AIT formation in the Precambrian included higher oceanic Si concentrations 
(Maliva et al., 2005) encouraging widespread and rapid chert formation, larger volumes of 
anoxic and ferruginous habitats (Holland 1984; Poulton and Canfield, 2011) encouraging the 
formation of pyrite via microbial sulphate reduction, plus periods of major phosphate 
deposition (Papineau, 2010).  
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Figure captions 
Fig. 1. Geographic position of the studied Cambrian sections in Poland. (A), Map of the 
Polish part of the Baltic region: 1 - Caledonian deformation front; 2 - Post-Caledonian 
deformation front; 3 - Rift zones; 4 - Trans-European Suture Zone. (B), Map of northern 
Poland showing location of the sections described in this paper from Hel IG 1, Żarnowiec IG 
1, and Dębki 2 boreholes. (C), General stratigraphy of the middle Cambrian and Furongian 
strata in northern Poland. Marked area indicates stratigraphic gap (erosion and/or no 
deposition). 
Fig. 2. (A), Geographic position of the studied Devonian section in Podolia, Ukraine. (B), 
Location of Ivanye Zolote outcrop in the vicinity of Dniester valley. (C), General Lower 
Devonian stratigraphy of the Podolia region (modified from Drygant and Szaniawski, 2012). 
Fig. 3. SEM photographs showing microtubular AIT structures from the Cambrian 
phosphatocopines of northern Poland. (A-E), Hesslandona toreborgensis Maas, Waloszek and 
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Müller, 2003, early Furongian, Hel IG 1 borehole section; (A-B), Left lateral and oblique 
ventral views with white arrows showing partly preserved external apatite layer; (C-E), Close 
up of external surface showing pyrite crystals at the termination of microtubes, with black 
arrow in (D) indicating remnants of calcium phosphate substance on the surface of pyrite, and 
with white arrow in (E) indicating partly preserved external coating layer, (specimen number 
ZPAL Cr. 11/ph014); (F-G), Hesslandona toreborgensis Maas, Waloszek and Müller, 2003, 
early Furongian, Hel IG 1 borehole section; (F), left lateral view; (G), close up showing AIT 
structures, black arrow indicate longitudinal striation on microtube walls, white arrow 
indicating partly preserved external coating layer (specimen number ZPAL Cr.11/ph034). (H-
J), Hesslandona cf. angustata Maas, Waloszek and Müller, 2003, early Furongian, Żarnowiec 
IG 1 borehole section; (H), Dorsal view; (I), Close up of external surface showing AITs, 
(specimen number ZPAL Cr. 11/ph026); (J), Internal view showing inflation of the inner 
lamella by gas originating from decaying soft tissue (black arrows); ( specimen number ZPAL 
Cr. 11/ph216). (K-L), ?Cyclotron sp. from the early Furongian of Dębki 2 borehole; (K), 
Transverse fracture view showing preservation of the shield; (L), Close up showing the 
external coating layers and the empty space between these layers which probably corresponds 
to the original shield (white arrow), black arrows indicate flexible inner lamella (specimen 
number ZPAL Cr. 11/ph139). 
Fig. 4. SEM photographs of Cytherellina submagna (Krandijevsky, 1963) from the the Early 
Devonian (Lochkovian-early Pragian) of the Ivanye Zolote section, Podolia, Ukraine, 
showing microtubular AIT structures. (A-B), Phosphatised internal mould of the right valve in 
lateral and anterior views respectively. (C-K), AIT structures preserved on external surface of 
the mould, note the presence of a terminal pyrite crystal (e.g., white arrows in D) in almost 
every AIT. Other features to note are: the sharp turns of some trails (E, I); perforations 
through the phosphate layer marking the original position of the pyrite crystals at the 
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beginning of several microtubes (white arrows in F-I, K); perforations spaced along the 
ventral wall of a microtube (e.g., black arrows in F); and the missing ventral wall of a 
microtube (black arrow in H) (specimen number ZPAL O. 60/65). 
 
Fig. 5. Cytherellina submagna (Krandijevsky, 1963), Ivanye Zolote section, Podolia, Ukraine, 
showing a second class of small microtubes, white arrows indicate perforations through the 
phosphate layer likely representing the originating end of several microtubes; (A-E, G-H), 
Clusters of AITs; (F), Single AIT with faint longitudinal striations on the microtube wall; (I), 
Single AIT with framboidal pyrite at the termination and longitudinal striations on the 
microtube wall (specimen number ZPAL O. 60/65). 
 
Fig. 6. Model of AIT formation inside the phosphatized internal mould of the ostracod 
Cytherellina submagna (Krandijevsky, 1963). 
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Highlights 
 
• We describe the first ambient inclusion trails (AITs) from Palaeozoic crustaceans 
• AITs occur in phophatised shields and internal moulds of phosphatocopines and ostracods 
• AITs occur adjacent to the locus of decaying organic matter 
• Our data support a biological mediation of AIT formation 
• Several other microtubular structures in Palaeozoic rocks may be reinterpreted as AITs 
